Mutations conferring resistance to translation inhibitors often alter the structure of rRNA. Reduced susceptibility to distinct structural antibiotic classes may, therefore, emerge when a common ribosomal binding site is perturbed, which significantly reduces the clinical utility of these agents. The translation inhibitors negamycin and tetracycline interfere with tRNA binding to the aminoacyl-tRNA site on the small 30S ribosomal subunit. However, two negamycin resistance mutations display unexpected differential antibiotic susceptibility profiles. Mutant U1060A in 16S Escherichia coli rRNA is resistant to both antibiotics, whereas mutant U1052G is simultaneously resistant to negamycin and hypersusceptible to tetracycline. Using a combination of microbiological, biochemical, single-molecule fluorescence transfer experiments, and X-ray crystallography, we define the specific structural defects in the U1052G mutant 70S E. coli ribosome that explain its divergent negamycin and tetracycline susceptibility profiles. Unexpectedly, the U1052G mutant ribosome possesses a second tetracycline binding site that correlates with its hypersusceptibility. The creation of a previously unidentified antibiotic binding site raises the prospect of identifying similar phenomena in antibioticresistant pathogens in the future.
negamycin | tetracycline | tRNA selection | ribosome structure | antibiotic resistance T he ribosome is an intricate RNA-protein assembly that translates mRNA into protein. Distinct structural classes of translation inhibitors bind to discrete sites on the ribosome, inhibiting protein synthesis at one or more stages of the translation cycle. The mechanisms of action and structural basis of ribosomal inhibition have been defined for multiple classes of antibiotics that target the ribosome (1) . Given that the RNA component of the ribosome plays a critical role in all stages of protein synthesis, translation inhibitors typically bind to rRNA, and consequentially, target-based antibiotic resistance mutations are often associated with discrete rRNA nucleotide changes (2) .
The simultaneous loss of antibiotic susceptibility after the acquisition of a single rRNA nucleotide change to combinations of structurally discrete antibiotics may occur when the individual agents target a shared or partially overlapping binding site on the ribosome (1) . Various genetic tools have been used to isolate antibiotic resistance mutations and characterize functionally important sites on the bacterial ribosome (3) (4) (5) . A c-omplementary design-focused approach to understanding antibiotic specificity and eukaryotic toxicity can be achieved through the construction of mutant ribosomes with site-directed changes (6, 7) . X-ray crystallography can subsequently be applied to visualize structural changes associated with specific rRNA mutations (8, 9) . Minor structural changes may suffice to yield resistance when the mutated nucleotide is directly involved in the antibiotic binding site, such as is the case for a guanine to adenine base substitution that alters susceptibility to macrolides without affecting the binding mode of the antibiotic to the ribosome (9) . Other localized mutations, including streptomycin resistance mutations, significantly alter the position of the bases and base pairing without changing the conformation of the phosphate backbone (8) . Resistance mutations can also occur at sites that are not involved in antibiotic binding but where mutation causes structural perturbations that propagate toward the antibiotic binding site (10) . Characterizing the structural and mechanistic impact of acquired antibiotic resistance mutations of the ribosomes in bacterial pathogens is essential to understand their role in clinical efficacy. A link between rRNA sequence and antibiotic-induced perturbations of translation could reveal strategies for leveraging sequence information to guide additional antibiotic discovery as well as optimize treatment options.
Negamycin is a natural bactericidal antibiotic that displays activity against a broad spectrum of Gram-negative pathogens, including Klebsiella pneumoniae, Pseudomonas aeruginosa, and Acinetobacter baumannii (11, 12) . Tetracycline is broad spectrum antibiotic with bacteriostatic activity that is used to treat a variety of bacterial infections (1) . The mechanism of action for both antibiotics is to interfere with tRNA binding to the aminoacyltRNA (aa-tRNA) site of the small 30S ribosomal subunit (11, 12) . The clinical utility of tetracycline has been reduced because of the rise of antibiotic resistance, providing incentive for the introduction of tigecycline into the clinic (13) .
Although negamycin and tetracycline share an overlapping binding site on the 30S ribosomal subunit, differential antibiotic
Significance
The ribosome is a large and complex RNA-protein complex that synthesizes proteins in all kingdoms of life. The sequences of bacterial ribosomes differ, and antibiotics exploit these differences to inhibit the ribosome and stop cell growth. Mutations in the ribosome can interfere with antibiotic binding and render the bacteria resistant to the antibiotic. Using a combination of structural, biophysical, and biochemical experiments, we show how rRNA mutations alter the structure of the ribosome at the antibiotic binding site and result in divergent antibiotic susceptibility profiles. Data deposition: The crystallographic structures and structure factor amplitudes have been deposited in the Protein Data Bank, www.pdb.org (PDB ID codes 5IT8, 5J5B, 5J91, 5JC9, 5J7L, 5J8A, and 5J88). susceptibility profiles have recently been observed for negamycinresistant mutants (11, 12) . One of these resistance mutants displays negamycin resistance and tetracycline hypersusceptibility that cannot be reconciled with any currently available structural data. In this study, we evaluate a negamycin-resistant strain to understand its unexpected switch to tetracycline hypersusceptibility. Microbiological, biochemical, and single-molecule FRET (smFRET) experiments as well as X-ray crystallography evidence suggest that this switch in susceptibility is caused by a previously unidentified tetracycline binding site in the small ribosomal subunit.
Results and Discussion
Negamycin Resistance Mutations. Two previously identified negamycin resistance mutations, U1052G and U1060A, localize to the head domain of the 30S subunit positioned within helix 34 (h34) and are in close proximity to the negamycin binding site ( Fig. 1 A and B) (11, 12) . These mutations cause high levels of negamycin resistance, with minimum inhibitory concentration (MIC) values that are approximately eight-(U1052G) and fourfold (U1060A) greater than wild-type susceptibility levels ( Table 1 ). In addition, the U1052G or U1060A mutants are resistant to translation inhibition by negamycin in luminescence-based in vitro-coupled transcription-translation systems using purified components in line with MIC values (Fig. 1C and Table 1 ).
U1052G and U1060A Inhibit Negamycin Binding. To visualize the structural impact that the U1052G and U1060A mutations have on the negamycin binding site, X-ray crystallographic structures of the wild-type strain SQ171 Escherichia coli 70S ribosome and negamycin resistance mutants were determined in their apo conformations (Table S1 ).
Structural analysis revealed that the wobble base pair that is normally seen between nucleotides U1052 and G1206 is disrupted in the U1052G mutant structure ( Fig. 1 B and D) . The guanine substitution at this position disrupts the carbonyl-imino hydrogen bond between the O6 oxygen of nucleotide G1206 and the N3 nitrogen of nucleotide U1052. Detailed analysis of the crystallographic data also showed a localized widening of h34 and the displacement of the phosphate group of nucleotide G1053 by ∼2 Å from its position in the apo conformation (Fig.  1D ). The negamycin-bound structure of the wild-type 70S E. coli ribosome shows that the phosphate oxygen of nucleotide G1053 is within 4.3 Å of the methyl group on N8 of negamycin (12) . Distinctly, in the U1052G mutant, the phosphate oxygen of nucleotide G1053 is positioned 1.5 Å closer to the methyl group on N8 of negamycin, a change that is predicted to increase the degree of steric hindrance between h34 and the bound negamycin molecule, thus providing a structural basis for negamycin resistance ( Fig. 1D and Fig. S1 ).
Similarly to U1052, nucleotide U1060 is also found in h34 (Fig. 1B) , base-pairing with A1197 in the apo conformation of the wild-type ribosome (Fig. 1B) . Examination of the X-ray crystallographic data for the U1060A mutant shows that introduction of A1060 drives nucleotide A1197 into a flipped out conformation (Fig. 1 F and G) . This localized conformational change is expected to disrupt the hydrogen-bonding pattern between the phosphate group of A1197 and negamycin to, thereby, confer resistance.
A comparison of the apo crystal structures of the U1052G and U1060A mutants with the structures of mRNA-tRNA-bound Thermus thermophilus and E. coli 70S ribosomes in complex with negamycin (11, 12) lends additional support to these observations (Fig. S1 ). In the T. thermophilus structure with a bound tRNA molecule, the phosphate oxygens of nucleotides U1052 and G1053 indirectly interact with negamycin and the tRNA molecule through a coordinated Mg 2+ ion ( Fig. 1E and Fig. S1 ). The phosphate group of A1197 also engages negamycin through a bound Mg 2+ ion. Acquisition of the U1052G mutation and localized conformational changes that accompany the distortion of h34 would position the phosphate group of nucleotide G1053 within 2 Å of the C1 carboxyl of negamycin, 3 Å closer than in (11, 12) , and A1197 (12) are positioned on h34 and in close proximity to the negamycin binding site. Previously identified resistance mutations are colored in red. (C) Translation activity of wild-type (blue circles; IC 50 value of 2.9 μM), U1052G (green triangles; IC 50 value of 13 μM), and U1060A (orange squares; IC 50 value of 11 μM) ribosomes in the presence of negamycin in a luminescencebased in vitro-coupled transcription-translation assay with purified components. (D) Mutation U1052G significantly distorts the phosphate backbone of h34. The U1052G mutant (orange) has been superimposed on the wildtype E. coli structure (green) bound to negamycin. (E) Superposition of the U1052G mutant from E. coli (orange) on the mRNA-tRNA-negamycin complex from T. thermophilus (green) (12) . (F) Acquisition of the U1060A mutation causes a localized perturbation that drives nucleotide A1197 into a flipped out conformation. The U1060A mutant structure (orange) has been superimposed on the wild-type E. coli structure bound to negamycin (green). (G) This panel is rotated 90°along the horizontal axis, illustrating the steric clash with negamycin. MIC measurements are in micrograms per milliliter (n = 3). IC 50 values (in parentheses) obtained in luminescence-based in vitro-coupled transcriptiontranslation assays with purified components are shown in micromolar (n = 3). NMY, negamycin; TET, tetracycline; TIG, tigecycline.
the wild-type ribosome (Fig. 1E and Fig. S1 ). This conformational change is expected to disrupt multiple electrostatic interactions between the phosphate backbone of nucleotides G1053 and U1052 with the tRNA molecule, thereby destabilizing tRNA binding. These distortions collectively define the structural basis for altered negamycin susceptibilities for these acquired resistance mutations.
U1052G Is Hypersusceptible to Tetracycline. The binding of chemically distinct antibiotics at or near the same region of the ribosome often results in cross-resistance (1). The translation inhibitors negamycin and tetracycline occupy a common binding site and interfere with tRNA binding to the aa-tRNA site of the 30S ribosomal subunit (Fig. 2 A and B) . Given this physical overlap, we examined the susceptibility of the U1052G and U1060A mutants to tetracycline. Cell growth assays previously revealed that the U1052G mutant is uniquely resistant to negamycin but hypersusceptible to tetracycline ( Table 1 ). The MIC value of tetracycline for the U1052G mutant was fourfold lower than that of the wild-type ribosome (12) ( Table 1) . Using a luminescence-based in vitro-coupled transcription-translation system using purified components, we found that the IC 50 of tetracycline for the U1052G mutant is ∼5.5-fold lower than that for wild-type ribosomes (Fig.  2C) . By contrast, the U1060A mutant was resistant to tetracycline in both MIC measurements and in vitro-coupled transcriptiontranslation assays (Table 1) .
Mechanistic Impact of Tetracycline on U1052G Ribosomes. To explore the mechanism of the tetracycline hypersusceptibility of the U1052G ribosome, single-turnover, presteady-state, smFRET experiments were performed to follow the process of aa-tRNA selection. Single-molecule imaging methods enable this process to be tracked by time-dependent changes in FRET as acceptorlabeled aa-tRNA enters the A site of donor-labeled ribosome complexes (14) . As previously described (12), we monitored the binding of acceptor (LD650)-labeled Phe-tRNA Phe in ternary complex with Elongation Factor Tu (EF-Tu) and GTP to surfaceimmobilized 70S in-itiation complexes bearing a donor (Cy3)-labeled initiator tRNA fMet within the P site. In this system, timedependent changes in FRET reflect initial selection events, in which the ternary complex reversibly binds at the A site and proceeds through codon recognition (CR; low-FRET) and GTPase-activated (GA; intermediate FRET) states followed by proofreading events after GTP hydrolysis, which ultimately drive the incoming aa-tRNA from the GA state to its fully accommodated (high-FRET) position within the pretranslocation ribosome complex. Previous investigations have shown that negamycin has no detectable impact on the selection of cognate aa-tRNA but instead, compromises the ribosome's ability to reject those that are near-cognate (12). Negamycin's impact on miscoding is, however, significantly suppressed by the U1052G resistance mutation (12) . By contrast, tetracycline sterically blocks aa-tRNA entry, resulting in cognate and near-cognate inhibition of initial selection between CR and GA states (15, 16) .
The mechanistic impact of the U1052G mutation was assessed in this context in the absence and presence of increasing concentrations of tetracycline. As anticipated, tetracycline inhibited tRNA selection in a concentration-dependent manner, preventing aa-tRNA accommodation and the accumulation of high-FRET precomplex configurations (Fig. 2D) . In the absence of tetracycline, the U1052G ribosome exhibited a somewhat slower rate of initial selection as evidenced by the extended period needed for GA-state passage (approximately three-to fourfold longer than that of the wild-type; ∼150-200 ms). This defect may be attributed to the displacement of the G1053 phosphate group from the tRNA molecule in the A site (Fig. 1E) . The defect was enhanced in the presence of tetracycline, giving rise to an apparent hypersusceptibility to drug inhibition (approximately threefold) compared with wild-type ribosomes. These data are in agreement with those obtained in the aforementioned cell growth and in vitro translation reactions, suggesting that the observed hypersusceptibility specifically arises from defects in tRNA selection.
Structurally Defining U1052G Hypersusceptibility. Despite the overlapping binding sites, negamycin and tetracycline possess chemically distinct features (Fig. 2B ) that form different sets of electrostatic and van der Waals interactions, specifically with h31 and h34 (11, 12, 17) . To visualize the structural basis for the confounding tetracycline hypersusceptibility of negamycin resistance mutant U1052G, the crystallographic structures of the wild-type E. coli ribosome and the U1052G mutant in complex with tetracycline were determined at 2.89-and 3.00-Å resolution, respectively ( Fig. S2 and Table S1 ). Clear, unambiguous difference electron density, consistent with the chemical structure of tetracycline, was observed near h34 of the small subunit (Fig. S2) . Although the conformation of the phosphate backbone of h34 is significantly perturbed in the U1052G mutant, the majority of interactions between tetracycline and the ribosome are retained. The bound tetracycline molecule in the U1052G mutant is slightly rotated relative to the wild-type structure (Fig. 3) . This subtle change in orientation has little impact on the van der Waals stacking arrangement that Ring I makes with nucleotide C1054. The indirect Mg 2+ -mediated interaction with nucleotide G966 from h31 is also retained (Fig.  3) . However, acquisition of the U1052G mutation positions the hydroxyl group of Ring I farther away from the phosphate group of G1053, resulting in the loss of a hydrogen bond with h34 (Fig. 3A) .
Previously Unidentified Tetracycline Binding Site. Analysis of the tetracycline-bound crystal structure of the U1052G mutant unexpectedly revealed a second tetracycline molecule bound ∼20 Å from its established binding site (Fig. 4A and Fig. S2 ). By contrast, no evidence of a second tetracycline molecule was found in either wild-type or U1060A mutant ribosomes (Fig. S3) . Tetracycline binding at this position has not been previously described (17) (18) (19) (20) .
The tetracycline binding site observed in the U1052G mutant structure is located near the highly conserved 16S central pseudoknot and adjacent to the previously established streptomycin binding site (18) . This site does not change the conformation of the adjacent rRNA compared with the wild-type ribosome. The fused aryl core of tetracycline forms multiple Mg 2+ -coordinated interactions with the phosphate backbone of the loop that connects rRNA h1 and h2 to ribosomal protein S5 (Fig. 4B) . Ring I of tetracycline also forms van der Waals stacking interactions with the guanidinium group of residue R29 from ribosomal protein S5 (21) . Ring IV is positioned ∼5 Å from the functionally important nucleotide, C1397, which is located in the loop that connects h28 and h44 of the small 30S ribosomal subunit (Fig. 4B) .
We attempted to determine the function of the novel tetracycline binding with site-directed mutagenesis. Our strategy was to abolish tetracycline binding at the primary binding site while maintaining the structural integrity of the novel binding site to evaluate the hypersusceptibility profile of the negamycin resistance mutant U1052G.
Previous studies have shown that mutations G966U and G1058C cause high levels of resistance to tetracycline (22-24).
However, in our hands, all attempts to introduce these mutations combined with the U1052G negamycin resistance mutation failed to produce viable clones. Ribosomal mutations or combinations thereof can result in defective ribosomes with a dominant lethal phenotype (5) . To relax the selective pressure on ribosome function in the presence of the U1052G mutation, a randomized plasmid library of positions 965-967 was subsequently constructed. Equivalent libraries have been used to isolate mutants with tetracycline resistance (24) . Using this approach, multiple tetracycline-resistant mutants with sequence variations at positions 965-967 were identified. However, all isolates contained the wild-type U1052 nucleotide and not the U1052G mutation. Taken together, we conclude that tetracycline resistance rRNA mutations in this region are difficult to obtain in the presence of the U1052G negamycin resistance mutation, because viable levels of translation could not be achieved in these experiments. Mutant U1052G Shows No Hypersusceptibilty to Tigecycline. Tigecycline is a tetracycline derivative with a butylglycylamido substituent that is linked with Ring I (Fig. 4D) . This chemical modification results in increased biochemical potency relative to tetracycline (IC 50 values of 0.28 μM for tigecycline and 14.5 μM for tetracycline). However, MIC values and in vitro-coupled transcription-translation assay data indicate that mutant U1052G shows no indication of hypersusceptibility toward tigecycline (Table 1) .
To understand the structural basis of the lack of hypersusceptibility to tigecycline for the U1052G mutant, we determined the crystallographic structures of the wild-type ribosome and the U1052G mutant in complex with tigecycline at 2.96-and 3.10-Å resolution, respectively (Fig. S2 and Table S1 ).
The crystal structures of tigecycline bound to the wild-type ribosome and the U1052G mutant revealed that the butylglycylamido substituent is stacked against nucleotide C1054 in its established binding site (Fig. 4 C and E) . As expected, the backbone phosphate of nucleotide G1053 from h34 is displaced by ∼4 Å relative to the wild-type ribosome. The plane of the fused aryl ring structure is rotated by ∼8°, bringing Ring I and the butylglycylamido substituent close to C1054 (Fig. 4E) . Moreover, this movement positions the hydroxyl group of Ring I in hydrogen-bonding distance with C1054 (Fig. 4E) .
Using the U1052G mutant with a second tetracycline molecule bound, we modeled tigecycline into the novel tetracycline binding site (Fig. 4F) . This model indicates that the butylglycylamido addition to Ring I of tigecycline would sterically clash with residues found in ribosomal protein S5, thereby precluding binding at this location. Taken together, these results define the structural basis for the lack of hypersusceptibility toward tigecycline for the U1052G mutant.
Conclusions
The data presented here reveal that mutations in h34 in the head domain of the small subunit alter the susceptibility of the ribosome to negamycin, tetracycline, and tigecycline. Ribosomes with the U1052G mutation, although resistant to negamycin inhibition, are hypersusceptible to tetracycline but not tigecycline. Crystallographic analysis of antibiotic-bound ribosomes revealed the presence of a novel tetracycline binding site in the U1052G mutant ribosome near the central pseudoknot within the head domain away from the established tetracycline binding site. smFRET measurements of tRNA selection showed that this mutant displayed a defect in tRNA selection in the presence of tetracycline that correlated with results from in vitro transcription-translation experiments. These findings provide additional evidence that conformational rearrangements between the head and body regions of the small subunit play a role in the tRNA selection process (12) .
The persistent emergence of multidrug-resistant bacteria continues to erode the clinical utility of antibiotics. Focused efforts to understand the binding mode and mechanism of action for established classes of antibiotics and discover and develop novel antibiotics are essential (25) . The bacterial ribosome remains an important target for antibiotic discovery given the presence of multiple binding sites that interfere with the translation cycle, which is essential for bacterial growth. The integration of single-molecule biophysical techniques and X-ray crystallography to delineate new features of the translation mechanism has enabled structure-guided design strategies that can be combined to modify existing chemical scaffolds to restore clinical utility of existing agents and decipher unpredicted antibiotic susceptibility profiles, including the emergence of new antibiotic binding sites in mutant ribosomes. It will be important in the future to decipher whether other antibiotic resistance mutations that arise in pathogens create novel antibiotic sites that can be exploited for therapeutic benefit.
Materials and Methods
In Vitro-Coupled Transcription-Translation Assay. Ribosomes were purified as described previously with minor modifications (26) . Briefly, E. coli strain SQ171 cells from an overnight culture were transferred to 1 L LB broth in a 4-L flask and incubated in a 37°C shaker. Cultures were harvested at the transition from exponential to stationary phase at an OD 600 of ∼0.4 and incubated on ice for at least 45 min. Cells were collected by centrifugation at 6,000 × g for 15 min and lysed in a bead beater in buffer AS (20 mM Tris·HCl, pH 7.5, 100 mM NH 4 Cl, 10 mM MgCl 2 , 0.5 mM EDTA, 2 mM DTT, 2 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP), 0.15 M sucrose). Cell extracts were centrifuged at 10,000 × g for 100 min in Beckman 45 Ti Tubes. The supernatant was centrifuged through a sucrose cushion as previously described (26) . Ribosomal pellets were resuspended in reassociation buffer (20 mM Tris·HCl, pH 7.5, 60 mM NH 4 Cl, 14 mM MgCl 2 , 0.5 mM EDTA, 2 mM DTT, 2 mM TCEP) and centrifuged through a 15-40% (mass/vol) sucrose gradient in reassociation buffer. Fractions corresponding to the 70S ribosome were collected and exchanged into a final buffer containing 20 mM Tris·HCl (pH 7.5), 60 mM NH 4 Cl, 6 mM MgCl 2 , 0.5 mM EDTA, 2 mM DTT, and 2 mM TCEP. Ribosomes were concentrated to ∼5 mg/mL. In vitro-coupled transcription-translation assays were carried out as described previously using purified components (27) .
Purification, Crystallization, and Structure Determination. An E. coli strain SQ171 has been developed that can be used to express rRNA from either a single genomic rRNA operon or a plasmid-encoded rRNA operon (28) . Although this strain expresses RNases that, in principle, may degrade ribosomal preparations, high-quality ribosomes were purified from E. coli strain SQ171 using previously established methods (12) . Mutant ribosomes were purified from SQ171/pHKrrnC cells as described previously (26) . To confirm the presence of homogeneous populations of rRNA mutants, rRNA was extracted from purified ribosomes and reverse-transcribed. The resulting cDNAs were sequenced to verify the absence of wild-type ribosome sequences.
E. coli 70S ribosomes purified from strains MRE600 and SQ171 crystallize under similar conditions, leading to high-quality crystals that are suitable for structure determination. Crystallization was carried out as previously described (29) . Crystals were grown at 20°C and prepared for vitrification in liquid nitrogen at 4°C using sequential increasing concentrations of PEG 400 (6-24%). Antibiotics were introduced into the crystals by 2 mM stock solutions into the cryoprotection solution for 16 h. All X-ray diffraction data were collected at cryogenic temperature using synchrotron radiation at beam line ID-17 at the Advanced Photon Source. Diffraction data collected at Industrial Macromolecular Crystallography Association -Collaborative Access Team were processed with XDS (30) and scaled using SCALA (31) as implemented in the autoPROC routines from Global Phasing (32) . Oscillations of 0.1°and 40% beam attenuation were used for all data collection experiments. All diffraction data were collected from either one or two crystals.
All liganded structures were solved by molecular replacement using the program MOLREP (33) using the apo 70S E. coli ribosome structure as the search model (PDB ID code 4YBB). Examination of the resulting electron density maps for these liganded complexes showed clear unambiguous difference density with the expected molecular features for these bound compounds (Fig. S2) . Sequential rounds of manual rebuilding using Coot (34) and refinement using autoBUSTER (35) with TLS and NCS produced the final models (36) . All refinement dictionaries were generated using GRADE (37) . The final refinement statistics are shown in Table S1 . Sequence alignment of the rrnC and rrnB (which sequence matches the structure of the published E. coli ribosome) rRNAs shows minor differences in sequence between the two operons that are mostly restricted to unstructured parts of the ribosome distant from the A site. Structural alignments were performed in Coot using least square superposition of h34 comprising residues 1,045-1,065. All figures were prepared using PyMOL (38) .
Aminoacylation and Fluorescent Labeling of tRNA for Single-Molecule Fluorescence. tRNAfMet and tRNAPhe from E. coli strain MRE600 were purified as previously described (9) as were aminoacylation, formylation, and fluorescent labeling of tRNA (10) . With this approach, Cy3 and photostabilized Cy5 (LD650) dyes (11) were site-specifically attached through either maleimide or N-hydroxysuccinimide chemistry to tRNAfMet(s4 U8) and tRNAPhe(acp3 U47) at naturally occurring modified base residues located near the elbow region of the tRNA body. Charging of tRNAPhe was achieved using recombinant phenylalanyl tRNA synthetase (PheRS) prepared as previously described (10, 12, 13) . Dye-labeled tRNAs prepared in this manner are fully competent in tRNA selection, translocation, and peptide bond formation (10).
Preparation of Ribosome Complexes for Single-Molecule Imaging. Initiation complexes were prepared from 30S and 50S ribosomal subunits (1 μM each) isolated from E. coli as described for crystallographic investigations. Complexes were initiated in vitro on cognate (UUC) or near-cognate (UCU) mRNAs derived from the gp32 gene product bearing a 5′-biotin moiety [5′-biotin: CAA CCU AAA ACU UAC ACA CCC UUA GAG GGA CAA UCG AUG U(UC/CU) AAA GUC UUC AAA GUC AUC] in the presence of IF-1 (2 μM), IF-2 (2 μM), IF-3 (2 μM), 2 mM GTP, and fMet-tRNAfMet(Cy3-s4 U8) in Tris·polymix buffer containing 50 mM Tris·acetate (pH 7.5), 5 mM Mg(OAc) 2 , 100 mM KCl, 5 mM NH 4 OAc, 0.5 mM CaCl 2 , 0.1 mM EDTA, 5 mM putrescine, and 1 mM spermidine as previously described (10) .
Single-Molecule Fluorescence Experiments and Data Processing. All experiments were performed at 25°C in Tris·polymix buffer containing 1.5 mM β-mercaptoethanol and 100 μM GTP in the presence of an oxygen scavenging environment [2 mM protocatechuic acid, 50 nM protocatechuate 3,4-dioxygenase containing a mixture of triplet-state quenching compounds (1 mM Trolox, 1 mM cyclooctatetraene, 1 mM nitrobenzyl alcohol) (14) ]. The ternary complex of EF-Tu•GTP•Phe-tRNAPhe(LD650)-acp3 U47 was prepared following established procedures (15, 16) . Ribosome complexes (0.5 nM) programmed with biotinylated mRNA were surface immobilized following brief incubation within PEG-passivated, streptavidin-coated quartz microfluidic devices (13) . To avoid contributions of hybrid states formation following accommodation, the amino acid on P-site tRNA was released by incubating immobilized ribosomes with 2 mM puromycin (Sigma) for 10 min before ternary complex delivery. smFRET data were acquired by using a prism-based total internal reflection microscope as previously described (13) . The Cy3 fluorophore linked to tRNAfMet was excited by the evanescent wave generated by total internal reflection of a single-frequency light source (Opus 532 nm; Laser Quantum). Photons emitted from both Cy3 and LD650 were collected by using a 1.27 N.A. 60× water immersion objective (Nikon), in which optical treatments were used to spatially separate Cy3 and LD650 frequencies onto two cooled, back-thinned electron multiplying charge coupled device cameras (Evolve 512; Photometrics). Fluorescence data were acquired using MetaMorph acquisition software (Universal Imaging), with an integration time of 100 ms. FRET trajectories were calculated from fluorescence traces by using the formula FRET = ILD650/(ICy3 + ILD650), where ICy3 and ILD650 represent the Cy3 and LD650 fluorescence intensities, respectively. Fluorescence and FRET traces were selected for analysis by using semiautomated smFRET automated analysis software implemented in MATLAB (MathWorks) as previously described (17) .
Mutagenesis. To select for ribosomes with mutations at the secondary tetracycline binding site in the presence of the U1052G mutation, E. coli strain SQ171 cells harboring the U1052G mutation were grown overnight in cation-adjusted Mueller Hinton broth in increasing concentrations of tetracycline (0.5-2 μg/mL) and in the presence of 128 μg/mL negamycin. Overnight cultures were inoculated on Mueller Hinton Media plates supplemented with tetracycline. To construct mutant ribosomes with U1052G and G966U mutations simultaneously, we used site-directed mutagenesis to introduce the G966U mutation into the pHKrrnC or pKK3535 plasmids containing the rRNA operon with the U1052G mutation. No viable mutants could be isolated. To obtain a mutant library with the nucleotides at positions 965-967 fully randomized, we constructed a library of pHKrrnC plasmids with the three positions fully randomized using the GeneArt plasmid construction service. Mutant plasmids were then exchanged with wild-type plasmids in E. coli strain KT101 cells by growing cells in the presence of 10% sucrose and kanamycin (39) .
